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Presynaptic Ca2 Channels Compete
for Channel Type-Preferring Slots in Altered
Neurotransmission Arising from Ca2 Channelopathy
anisms are not well understood. Several molecular and
cellular questions have bearing on both normal function
and pathophysiology. How do abnormalities in Ca2
channel function translate to alterations in synaptic
transmission? How interchangeable are various types
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of presynaptic Ca2 channels? Do presynaptic Ca2Stanford University School of Medicine
channels vie for type-preferring “slots”—loci of interac-Stanford, California 94305
tion with specific Ca2 channel types that ultimately gov-
ern their synaptic efficacy? If so, does competition be-
tween normal and mutant channels contribute to theSummary
dominant nature of Ca2 channelopathies?
Clues about the possible existence of presynapticSeveral human channelopathies result from mutations
slots for Ca2channels can be gleaned from morphologi-in1A, the pore-forming subunit of P/Q-type Ca2 chan-
cal studies of putative Ca2 channel organization atnels, conduits of presynaptic Ca2 entry for evoked
transmitter release sites (Heuser et al., 1979). In wholeneurotransmission. We found that wild-type human
terminals (Robitaille et al., 1990) and now in individual1A subunits supported transmission between cultured
presynaptic active zones (Harlow et al., 2001), structuralmouse hippocampal neurons equally well as endoge-
work has suggested that Ca2 channels are kept withinnous mouse 1A, whereas introduction of impermeant
requisite proximity of synaptic vesicles through interac-human 1A hampered the effect of endogenous sub-
tions with active zone structures (Stanley, 1997). Bio-units. Thus, presynaptic P/Q-type channels may com-
chemical studies have revealed specific molecular inter-pete for channel type-preferring “slots” that limit their
actions between intracellular domains of Ca2 channelssynaptic effectiveness. The existence of slots gener-
and cytoplasmic binding partners (Catterall, 1999; Max-ates predictions for how neurotransmission might be
imov and Bezprozvanny, 2002; Chen et al., 2003; Missleraffected by changes in Ca2 channel properties, which
et al., 2003) and between extracellular domains of Ca2we tested by studying 1A mutations that are associ-
channels and molecules in the synaptic cleft (Sunder-ated with familial hemiplegic migraine type 1 (FHM1).
land et al., 2000). Notable are the synaptic protein inter-Mutant human P/Q-type channels were impaired in
action (synprint) sites in the II-III loops of 1 subunits ofcontributing to neurotransmission in precise accord
N- and P/Q-type channels, which support binding towith their deficiency in supporting whole-cell Ca2
SNARE proteins (Catterall, 1999). Disruption of this inter-channel activity. Expression of mutant channels in
action reduced the effectiveness of these Ca2 channelswild-type neurons reduced the synaptic contribution
in triggering transmitter release (Catterall, 1999). Theof P/Q-type channels, suggesting that competition for
trafficking of N-type channels to nerve terminals de-type-preferring slots might support the dominant in-
pends on synprint/SNARE interactions (Mochida et al.,heritance of FHM1.
2003b) and C-terminal interactions with the cytoskeletal
proteins CASK and Mint1 (Maximov and Bezprozvanny,Introduction
2002; Spafford et al., 2003). Thus, the concept of slots
may be broadened to include any site of interactionMany longstanding questions about fundamental mech-
that regulates the final localization of channels at theanisms of neurotransmission recur in asking how chan-
presynaptic active zone.
nelopathies give rise to synaptic defects (Ashcroft, 2000;
Questions about hypothetical presynaptic slots are
Kullmann and Hanna, 2002). Overlap between cell bio-
particularly pertinent at central nervous system (CNS)
logical and pathophysiological issues creates new per- synapses, where transmitter release is generally medi-
spectives for both lines of inquiry. A good example is the ated by joint actions of multiple Ca2 channel types,
case of P/Q-type voltage-gated Ca2 channels, whose most prominently P/Q- and N-type (Luebke et al., 1993;
pore-forming 1A subunit (CaV2.1) plays a dominant role Takahashi and Momiyama, 1993; Wheeler et al., 1994;
in presynaptic Ca2 entry and neurotransmitter release, Mintz et al., 1995; Reuter, 1995; Reid et al., 1997; Wu et
working along with auxiliary subunits  and 2 (Mori et al., 1999). This raises the issue of whether P/Q- and
al., 1991; Starr et al., 1991; Dunlap et al., 1995; Tsien and N-type channels compete for common presynaptic slots
Wheeler, 1999). Mutations in 1A give rise to neurological at CNS synapses or their own designated slots. Some
disorders such as epilepsy, ataxia, and headache (Jen, degree of subtype specificity holds at connections be-
1999; Kullmann and Hanna, 2002), but the disease mech- tween sympathetic neurons, wherein II-III loops of N-,
P/Q-, R-, and L-type channels varied widely in ability to
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We explored the possibility of presynaptic slots at2 Present address: Department of Microbiology and Immunology,
CNS synapses, where neurotransmitter release is nor-Stanford University School of Medicine, Stanford, California 94305.
mally mediated by multiple Ca2 channel types. We3 Present address: Department of Biology, Pennsylvania State Uni-
versity, University Park, Pennsylvania 16802. found that human 1A subunits could be introduced into
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cultured neurons from 1A knockout (1A/) mice with 2%) and, to a much lesser extent, by R-type channels
(13%  1%). On the other hand, in 1A/ neurons ex-faithful reconstitution of basic synaptic properties to
those of wild-type (1A/) neurons. This satisfied a major pressing WT human 1A (ko  WT), the contribution of
P/Q-type channels was restored to 60%, if anythingprerequisite for using in vitro approaches to decipher
human synaptic diseases arising from defective Ca2 slightly greater than at 1A/ synapses but not signifi-
cantly so (p 0.06). Likewise, the contribution of N-typechannel subunits. Furthermore, we demonstrated that
impermeant Ca2 channels could compete with normally channels decreased to a level comparable to 1A/ syn-
apses. Clearly, human 1A subunits were able to fill infunctional ones. As proof of principle for pathophysio-
logical scenarios, we characterized synaptic transmis- for their mouse counterparts in supporting neurotrans-
mission.sion that was supported by mutant 1A subunits derived
from a classic study of familial hemiplegic migraine type To check further how faithfully human 1A reconstitu-
ted synaptic properties, we compared absolute sizes of1 (FHM1) patients (Ophoff et al., 1996). Ca2 channel
properties were determined in the same neuronal ex- EPSCs in wt and ko  WT groups. No differences in
amplitude distributions were detected in either thepression system, allowing us to test whether channel
competition for specific presynaptic slots allowed alter- -Aga-IVA-sensitive component of EPSCs (p 0.3; Fig-
ure 1D) or in the overall EPSCs (p  0.9; Figure 1E). Weations in transmission to be predicted from observed
changes in channel function. also examined the magnitude of paired-pulse facilitation
(PPF), often regarded as a reflection of vesicle release
probability (Pr)—the lower the Pr, the greater the PPF.Results
PPF was 1.22  0.07 and 1.32  0.09 in wt and ko 
WT groups (Table 1), not significantly different (p 0.13).Expression of Human 1A Subunits in Mouse 1A/
PPF measurements are indicative of specific propertiesNeurons Restores the Normal Contribution
of individual synapses, not the number of synaptic con-of P/Q-Type Ca2 Channels
nections, whereas amplitude measurements reflectto Synaptic Transmission
both. In either case, these data and the preceding phar-Our first objective was to find out whether expression
macological analysis indicated that the introduction ofof human wild-type 1A subunits (WT) could restore the
wild-type human 1A reverted 1A/ presynaptic termi-synaptic properties of 1A/ neurons to match those of
nals to a state of transmission indistinguishable from1A/ neurons. The impact of human 1A subunits was
that of 1A/ terminals.assessed in hippocampal neurons, a model system in
which properties of Ca2 channel types and their various
contributions to transmission have been extensively Evidence for Specific Presynaptic Slots
for P/Q-Type Ca2 Channelsstudied (Reid et al., 2003). Low-density hippocampal
cultures were transfected with constructs encoding What happens when wild-type human 1A is expressed
in 1A/ neurons? As shown in Figure 1C, the pharma-EGFP and WT human 1A. We then used paired patch-
clamp recordings to study synaptic properties, focusing cology of transmission in the wt (mouse)  WT (human)
group was similar to that of wt group. In particular, theon transmission from transfected, EGFP-positive pre-
synaptic neurons to untransfected postsynaptic neu- contribution of P/Q-type channels to EPSCs was not
significantly greater (p  0.25). Nor were the amplituderons (Figure 1A). Typically, eliciting a presynaptic spike
resulted in an excitatory postsynaptic current (EPSC) distributions of P/Q-mediated EPSCs or overall EPSCs
different between the two groups (Figures 1D–1E). Thisin the other neuron, in accord with the predominantly
glutamatergic connections in these cultures. EPSCs suggested that strict limits exist on the number of P/Q-
type channels that can be functionally coupled to thewere rapid and could be completely eliminated by the
AMPA receptor blocker NBQX (data not shown). presynaptic release machinery, imposed by a fixed num-
ber of slots for such channels. On this view, slots areL-type Ca2 channels contributed little or nothing to
hippocampal EPSCs (Takahashi and Momiyama, 1993; normally filled to capacity by mouse 1A subunits, so
that delivery of extra 1A subunits cannot increase thedata not shown). Accordingly, we focused on defining
the contributions of non-L-type Ca2 channels, using contribution of P/Q-type channels overall.
Figure 2 provides additional evidence supporting pre-the sequential and cumulative application of the specific
toxins-Conotoxin-GVIA (-CTx-GVIA),-Agatoxin-IVA synaptic slots for Ca2 channels. If such slots exist,
Ca2-impermeant 1A subunits should be able to com-(-Aga-IVA), and SNX482 to block N-, P/Q-, and R-type
channels, respectively (Figure 1B). The addition of each pete with endogenous P/Q-type channels and thereby
dampen transmission at 1A/ synapses. Each of thetoxin produced a stepwise reduction in EPSC size that
was readily quantified. With all three toxins present, all four pore-forming P loops of 1 subunits contains a
glutamate residue important for high-affinity Ca2 inter-synaptic transmission was blocked, as confirmed by no
further effect of NBQX. actions and Ca2/Ba2 permeability (Yang et al., 1993;
Ellinor et al., 1995). Accordingly, we generated a mutantIn transmission from 1A/ neurons transfected with
EGFP (wt; Figure 1C), endogenous N- and P/Q-type human 1A with quadruple glutamate to alanine substitu-
tion (E4A; Figure 2A). When tested in HEK293 cells, thechannels each accounted for 45% of the EPSC, as
seen in successive responses to -CTx-GVIA and then E4A mutant failed to support Ca2 influx in response to
K-evoked depolarization (Figure 2B) or inward Ba2-Aga-IVA. In contrast, at 1A/ presynapses (ko), the
P/Q-type blocker produced no detectable effect, as ex- current under whole-cell voltage clamp (Figure 2C). The
deficiency was not due to altered intracellular traffickingpected (Figures 1C and 1D). In this case, neurotransmis-
sion was largely mediated by N-type channels (85%  of the mutant subunit, based on imaging analysis of
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Figure 1. Human 1A Subunits Restore the
Normal Contribution of P/Q-type Ca2 Chan-
nels to Synaptic Transmission in Mouse
1A
/ Neurons
(A) Representative image of a 1A/ hippo-
campal low-density culture cotransfected
with EGFP and human 1A. Relative positions
of patch pipettes are shown schematically.
The transfected, EGFP-positive neuron was
voltage clamped as presynaptic neuron. An
untransfected neuron nearby was selected as
the postsynaptic neuron.
(B) Averaged EPSC traces elicited by 1A/
neurons expressing human 1A and the effect
of toxins on EPSC amplitude. The N-, P/Q-,
or R-type Ca2 channel blockers -CTx-GVIA
(2 	M), -Aga-IVA (1 	M), and SNX482 (0.5
	M) were applied sequentially and cumula-
tively into the bath solution.
(C) Relative contributions of N-, P/Q-, and
R-type channels to EPSC amplitude in 1A/
or 1A/ neurons expressing EGFP alone (wt
and ko) or EGFP with human 1A (wt  WT
and koWT) (n
 8–17). Ca2 channels were
blocked as shown in (B). The contribution of
P/Q-type channels was negligible in ko group
(p 0.001 compared with wt group) yet could
be restored by human 1A (koWT). The P/Q
contribution did not increase further in wt 
WT group.
(D) Cumulative distribution of-Aga-IVA-sen-
sitive EPSC amplitude from the same neurons
in (C). The ko group showed little P/Q-sup-
ported EPSC (p  0.0001 versus other
groups). No significant difference was found
among other groups.
(E) Overall EPSC amplitude distribution is
comparable across all groups (n 
 25–34).
EGFP-tagged WT and E4A mutant proteins in cultured pressing EGFP alone (12  2 pA/pF; p  0.001). Thus,
neurons (see Supplemental Figure S1 at http://www. hippocampal neurons were able to synthesize, assem-
neuron.org/cgi/content/full/43/3/387/DC1). ble, and insert P/Q-type channels into somatodendritic
We went on to test the effect of E4A mutant in 1A/ membranes at 5 their normal level without introduc-
neurons, first on whole-cell Ca2 channel activity (Figure tion of extra auxiliary subunits (2, , ), indicating that
2D). -Aga-IVA-sensitive Ba2 current was defined as all the relevant cell biological machinery is readily avail-
the P/Q component. In neurons transfected with WT able to support excess expression. Overexpression of
human 1A, the P/Q current density was 63  15 pA/pF WT human 1A also increased total Ba2 current density
(Figure 2D, left), 5-fold greater than that in neurons ex- (Figure 2D, right), by an amount (59 pA/pF) very similar
to the increase in P/Q-type current (51 pA/pF), showing
that other Ca2 channel activity was not compromised.
Table 1. Paired-Pulse Modulation at Synapses Expressing Wild- In light of this reserve capability for assembly and
Type or Mutant Channels
insertion of P/Q-type channels, it seemed likely that
1A
/ Synapses 1A/ Synapses 1A
/ neurons would be able to express their endoge-
nous P/Q-type channels even after transfection with theConstructs PPFa nb PPF n
E4A mutant subunit. Indeed, the P/Q current density inEGFP 1.35  0.06 36 1.22  0.07 29
these neurons averaged 12 1 pA/pF, no less than thatE4A ND 1.34  0.05 11
in the EGFP controls (12  2 pA/pF; p  0.5; FigureWT 1.32  0.09 25 1.47  0.10 9
R192Q 1.17  0.10 24 1.21  0.08 19 2D). Total Ba2 current density was also comparable
T666M 1.44  0.10 32 1.57  0.20 11 between two groups (p  0.7).
V714A 1.15  0.07 12 ND The critical issue was how expression of E4A mutantI1811L 1.25  0.09 17 ND
would influence the contribution of P/Q-type channels
a PPF, paired-pulse facilitation (EPSC2/EPSC1) at 50 ms interval. to synaptic transmission. Unlike WT human 1A, whichb n, number of neurons.
failed to alter the fractional contribution of P/Q-type
Neuron
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Figure 2. Evidence for Specific Presynaptic
Slots for P/Q-Type Ca2 Channels
(A) Topology of human 1A subunit. The loca-
tions of quadruple glutamate to alanine muta-
tions in the E4A mutant are indicated.
(B) Fura-2 measurements of depolarization-
induced intracellular Ca2 dynamics (n
 20).
HEK293 cells expressing EGFP alone or E4A
mutant showed no detectable Ca2 influx, in
contrast to cells expressing WT 1A. K solu-
tion (90 mM) was applied at time 0 for 3 min,
followed by washout with normal Tyrode.
(C) The I-V curves of WT or E4A in HEK293
cells (n 
 5–6). The E4A group did not show
detectable Ba2 current across the entire
voltage range.
(D) Peak whole-cell Ba2 current density in
1A
/ hippocampal neurons that were trans-
fected with EGFP alone or with EGFP with
WT or E4A 1A (n 
 5–8), evoked by 35 ms
pulse from80 to10 mV. (Left) P/Q current
density as defined by -Aga-IVA sensitivity.
(Right) Total Ba2 current density. Overex-
pressing WT 1A caused an increase of P/Q
current density (p  0.001) and consequent
increase of total current density (p  0.05)
compared with EGFP group. Overexpressing
E4A did not significantly affect total or P/Q-
type current density.
(E) The contribution of P/Q-type channels to
EPSC amplitude was significantly diminished
in 1A/ neurons expressing E4A mutant (n

11; p  0.01 compared with EGFP group).
The N-type contribution was consequently in-
creased (p 0.05). Conversely, overexpress-
ing WT 1A in 1A/ neurons did not signifi-
cantly alter N- or P/Q-type channel
contribution to EPSC. The EGFP and WT
groups are the same as wt and wt  WT
groups in Figure 1C, respectively.
channels, introduction of E4A mutant 1A caused a linking malfunctioning P/Q-type Ca2 channels to al-
tered synaptic behavior. The mutations of 1A subunitsgreatly diminished impact of these channels; -Aga-
IVA reduced the EPSC amplitude by only 18%  3%, that are found in FHM1 patients provide interesting test
cases. Although FHM1 is a rare hereditary form of mi-significantly less than the 47%  3% blockade found
in EGFP group (p  0.01). Thus, the mixed population graine, it can occur with and without aura in the same
individual, very much like common migraine (Goadsbyof wild-type and Ca2-impermeant P/Q channels was
less effective than wild-type channels alone. This sug- et al., 2002). The inheritance of FHM1 is autosomal domi-
nant, raising the possibility of a dominant-negativegested that the mutant channels were successfully over-
expressed at synapses but then competed with endoge- mechanism wherein products of an abnormal allele in-
terfere with those of the normal allele, possibly in keep-nous channels for a limited number of slots for P/Q-type
channels. The deficiency of the mutant channels ap- ing with a slot hypothesis. All 14 FHM1 mutations identi-
fied so far arise from single amino acid alterations,peared to reduce the localized Ca2 influx through P/Q-
type channels that could be favorably coupled to vesicu- generally within transmembrane or pore-forming re-
gions important for function (Kors et al., 2002). The fourlar exocytosis, leaving other Ca2 channels to take over
the job of triggering synaptic transmission. In fact, the original FHM1 mutations—R192Q, T666M, V714A, and
fractional contribution of N-type channels grew from I1811L (RQ, TM, VA, and IL)—are distributed across con-
46%  3% (EGFP controls) to 71%  3% (E4A; p  served regions of 1A and account for 19/34 FHM1 fami-
0.05). In all cases, the overall EPSC size distribution lies studied (Ophoff et al., 1996; Kors et al., 2002).
remained unaltered (see below; Figure 6C). Clarifying the functional consequences of FHM1 mu-
tations is a logical step in a bottom-up approach to the
disease. Several FHM1 mutations have been character-FHM1 Mutations Exhibit Reduced P/Q Current
Density When Expressed in Primary Neuronal Culture ized in Xenopus oocytes (Kraus et al., 1998, 2000),
HEK293 cells (Hans et al., 1999; Tottene et al., 2002), orWith evidence for slots for presynaptic Ca2 channels
in hand, we asked if the slots might be important in cultured cerebellar granule neurons (Tottene et al.,
Ca2 Channel Slots and Altered Neurotransmission
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Figure 3. P/Q Current Density Is Reduced in Neurons Expressing FHM1 Mutant Channels
(A) Topology of human 1A subunit. The locations of the four FHM1 mutations that were analyzed in this study are indicated.
(B) (Left) Averaged Ba2 current traces from hippocampal neurons at 10 mV, before and after 1 	M -Aga-IVA application. (Right) P/Q
current was obtained as the difference between the current records that are shown on the left.
(C) Cumulative distribution of peak P/Q current density at 10 mV (n 
 6–19). 1A/ neurons were transfected with EGFP alone (ko) or EGFP
with various human 1A.
(D) The I-V curves of various P/Q-type channels (n 
 7–16). Neurons were depolarized from 80 mV to a wide range of voltage levels (60
to 100 mV). All four FHM1 mutants showed substantially smaller Ba2 current densities across a broad voltage range (RQ, TM versus WT,
p  0.05, 10 to 60 mV; VA, IL versus WT, p  0.05, 0 to 50 mV).
2002). Recently, the RQ mutation was also introduced respectively). In current-voltage relationships (I-V curves),
Ba2 current densities were substantially smaller acrossinto the mouse 1A gene by knockin strategy (van den
Maagdenberg et al., 2004). Channel properties appeared a broad voltage range (0 to 50 mV) for each of the
FHM1 mutants relative to WT P/Q-type channels (Figureto be altered in each study, but the changes did not
follow any consistent pattern. It is not clear whether 3D). Thus, expression in cultured neurons yielded a qual-
itatively consistent pattern of behavior for the FHM1these discrepancies arose from differences in expres-
sion systems, recording protocols, or the animal species mutants, despite the different locations of amino acid
changes within the 1A subunit.of 1A (rabbit, mouse, or human). The effect of mutant
channels on CNS neurotransmission has never been The reduction of current density in FHM1 mutants is
unlikely to be due to decreased surface expression of1Adirectly tested. In addition, the multiplicity of FHM1 mu-
tations (14 found to date) calls for alternatives to the proteins, as the fluorescence intensity and subcellular
distribution of EGFP-tagged WT or mutant 1A subunitslaborious process of making a knockin mouse for each
FHM1 variant. were comparable when expressed in 1A/ neurons (see
Supplemental Figure S1 at http://www.neuron.org/cgi/We set out to use an in vitro approach for systemati-
cally comparing channel and synaptic properties across content/full/43/3/387/DC1). Nor did changes in voltage-
dependent activation or steady-state inactivation inmultiple mutations, studied in the context of human 1A
subunits. The four original FHM1 mutations were intro- FHM1 mutants account for the smaller P/Q-type current
(Y.-Q.C. and R.W.T., unpublished data). Other aspectsduced individually into human 1A (Figure 3A). At first,
1A
/ hippocampal neurons were used as the platform of biophysical properties in FHM1 mutants merit fur-
ther study.for expressing wild-type or FHM1 mutant 1A constructs,
to avoid interference from endogenous P/Q-type chan-
nels. All four of the original FHM1 mutants displayed FHM1 Ca2 Channels Are Deficient in Mediating
Excitatory Neurotransmissionmedian current densities that were substantially less
than those generated by WT P/Q-type channels at a test Having found that FHM1 mutations diminished whole-
cell P/Q-type current, we went on to study their effectsvoltage of 10 mV (Figure 3C). RQ and TM mutations
gave the largest current reductions (decreases averag- on synaptic transmission in paired patch-clamp re-
cordings. As expected, the majority of these synapticing 85% and 80% relative to WT), while VA and IL gave
less severe effects (reductions averaging 54% and 47%, connections (80%) were excitatory. The relative contri-
Neuron
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Figure 4. FHM1 Mutant Channels Are Defi-
cient in Mediating Excitatory Synaptic Trans-
mission
(A) Averaged EPSC traces elicited by 1A/
neurons transfected with WT or TM 1A and
the effect of toxins on EPSC amplitude.
(B) Relative contribution of N-, P/Q-, and
R-type channels to EPSC amplitude in neu-
rons expressing WT or FHM1 mutant chan-
nels (n
 10–17). Ca2 channels were blocked
as shown in (A). FHM1 mutants were less effi-
cient in supporting EPSC compared with WT
1A (**p 0.01; ***p 0.001). N-type channels
played a dominant role at FHM1-expressing
terminals, as in the case of ko terminals.
(C) Cumulative distribution of-Aga-IVA-sen-
sitive EPSC amplitude of neurons in (B). The
P/Q component of the EPSC was significantly
smaller in FHM1 groups (RQ, IL versus WT,
p  0.01; TM, VA versus WT, p  0.05).
(D) Overall EPSC amplitude distribution is
comparable across all groups (n 
 12–35).
butions of N-, P/Q-, and R-type Ca2 channels to EPSC Having found that the FHM1 mutant channels were
deficient in their fractional contribution to excitatoryamplitude were determined by sequential and cumula-
tive application of inhibitors (Figure 4A). At synapses transmission, we also looked for an absolute size differ-
ence in the P/Q-dependent component of the EPSC, aexpressing WT human1A, EPSCs were reduced by more
than 60% upon blockade of P/Q-type channels. In con- more difficult comparison because of the large variabil-
ity in EPSC size in paired recordings. When amplitudetrast, at synapses expressing FHM1 mutant channels,
P/Q-type channels accounted for less than 30% of the distributions of the -Aga-IVA-sensitive portion of
EPSCs were plotted without normalization, the P/QEPSC amplitude. In all cases, the N-type channels as-
sumed a dominant role, similar to that in 1A/ neurons. component of the EPSC was significantly smaller in mu-
tant groups than in WT (Figure 4C). However, no statisti-Blocking R-type channels had only a minor effect on
synaptic transmission, which did not differ significantly cally significant change in the overall EPSC amplitude
was ever observed (Figure 4D). This indicated that thein neurons expressing any of the human 1A constructs.
In comparing individual FHM1 mutations, it was clear deficit of FHM mutations was manifested as a shift from
reliance on P/Q-type channels to dependence on N-typethat the deficits in neurotransmission correlated well
with the severity of current reduction. For example, the channels, rather than a decrease of overall excitatory
synaptic strength.RQ mutation caused the most severe deficit in the -Aga-
IVA-sensitive component of EPSCs (10%) along with The impact of toxins on synaptic transmission de-
pends on their order of application, the first blockingthe biggest reduction of current density (Figures 3C and
3D). The VA and IL mutations were less handicapped in effect being accentuated by the steeply nonlinear rela-
tionship between Ca2 influx and presynaptic Pr (Raham-supporting synaptic transmission (25%), just as they
showed less severe reduction of Ba2 current. This pat- imoff and Dodge, 1969; Augustine et al., 1985; Wu and
Saggau, 1994; Mintz et al., 1995) . With this in mind,tern supported a causal relationship between decreased
functionality of P/Q-type Ca2 channels and their im- we used a different order of toxin application, applying
-Aga-IVA before -CTx-GVIA (Figure 5A). -Aga-IVApaired ability to contribute to transmitter release (Fig-
ure 7C). blocked 88% 5% of the EPSC at synapses expressing
Ca2 Channel Slots and Altered Neurotransmission
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Figure 5. Effect of FHM1 Mutations on Excit-
atory Neurotransmission with Agatoxin Ap-
plied First
(A) Averaged EPSC traces evoked by 1A/
neurons transfected with WT or TM 1A. The
order of toxin application was altered, with
-Aga-IVA followed by -CTx-GVIA and
SNX482.
(B) Relative contribution of P/Q-, N-, and
R-type channels to EPSC amplitude in neu-
rons recorded with the protocol shown in (A)
(n 
 6–9). RQ and TM mutants were less effi-
cient in supporting EPSC compared with WT
1A (*p  0.05; ***p  0.001).
(C) N-type component of the EPSC was sig-
nificantly larger in the TM group compared
with WT (p  0.05). Data from the same neu-
rons as in (B).
(D) Overall EPSC amplitude distribution is
comparable between WT and TM groups.
WT 1A but only 45%–65% of the EPSC at synapses such a mechanism account for the dominant inheritance
of FHM1? Might FHM1 subunits compromise the impactexpressing RQ or TM mutants, a significant difference
(p 0.05; Figure 5B). These data provided corroboration of wild-type subunits by competing with them for slots,
that FHM1 mutant channels were deficient in mediating thereby exerting a dominant-negative effect? To begin
excitatory transmission. Once again, the fractional con- to address these questions, we expressed FHM1 mutant
tribution of N-type channels was significantly increased 1A subunits in the presence of endogenous P/Q-type
in neurons expressing mutant channels (RQ, 42% 8%; channels, in cultured 1A/ neurons. As in the case of
TM, 26%  3%) compared with WT (8%  4%). The the E4A mutant, we first tested how expression of FHM1
absolute size of the N-type channel-mediated EPSC was mutants influenced whole-cell Ca2 channel activity. In
significantly bigger in the TM group than in WT (Figure neurons overexpressing RQ or TM 1A, P/Q-type Ba2
5C), while the overall strength of transmission was no current density averaged 16  4 and 19  3 pA/pF
different (Figure 5D). This reinforced the idea that the (Figure 6A), if anything a mild increase relative to control
deficit of FHM1 mutants at presynaptic terminals led neurons expressing EGFP alone (12  2 pA/pF) but not
somehow to a greater reliance on N-type channels. Un- statistically significant (p  0.1). Thus, the function of
fortunately, parallel comparisons could not be made for endogenous P/Q-type channels at somatodendritic
the RQ group, because their overall EPSC amplitude sites was not adversely affected by coexpression of
distribution happened to be much smaller than that of FHM1 mutants.
WT group (data not shown), atypical of the larger data The critical issue was whether expression of RQ or
set in Figure 4D. TM influenced the overall contribution of P/Q-type chan-
The maintenance of overall EPSC amplitude would be nels to synaptic transmission in 1A/ neurons. Indeed,
in keeping with the operation of a homeostatic mecha- the fraction of P/Q-mediated EPSCs was lowered signifi-
nism for preservation presynaptic Pr. We therefore mea- cantly by expression of either RQ or TM (Figure 6B).
sured PPF to assess possible changes in Pr (Table 1). Relative to the 50% blockade by -Aga-IVA at 1A/
Neurons expressing WT or FHM1 mutant channels both synapses transfected with EGFP or WT 1A, the toxin
showed PPF, but no significant difference was found decreased EPSC amplitude by only 22% 3% or 27%
between these groups. Thus, expression of FHM1 mu- 3% at synapses expressing RQ or TM (each p  0.05).
tants left Pr unchanged, in concordance with the preser- Thus, similar to the E4A mutant, FHM1 mutants seemed
vation of EPSC amplitude. to compete with endogenous P/Q-type channels for a
limited set of slots that ended up coupled to vesicular
exocytosis, rendering excitatory neurotransmission withPossible Mechanisms Underlying Dominant
the mixed population of P/Q-type channels less P/QInheritance of FHM1
dependent. N-type channels became responsible for theThe deficits of the four FHM1 mutants as channels
lion’s share of synaptic transmission (81%  5% andseemed consistent with the loss of function that they
produced in P/Q-triggered neurotransmission. Could 66%  3% for RQ and TM, respectively, versus 46% 
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Figure 6. Functional Consequences of Ex-
pressing FHM1 Mutant Channels in 1A/
Neurons
(A) Peak whole-cell Ba2 current density
at10 mV. 1A/ hippocampal neurons were
transfected with EGFP alone or EGFP with
WT, RQ, or TM 1A (n 
 5–8). Overexpressing
WT 1A caused an increase of P/Q current
density (left; p  0.001) and consequent in-
crease of total current density (right; p 
0.05), relative to EGFP group. Overexpressing
RQ or TM did not significantly affect total or
P/Q current density.
(B) The contribution of P/Q-type channels to
EPSC amplitude was significantly diminished
in RQ and TM groups (n 
 6–15; *p  0.05;
**p  0.01; compared with EGFP group). The
EGFP and WT groups in (A) and (B) are the
same as those in Figures 2D and 2E, respec-
tively.
(C) Overall EPSC amplitude distribution is
comparable across all groups (n 
 13–34).
3% for EGFP controls; Figure 6B). These findings pro- aptic Ca2 signaling, based on toxin blocking data at
1A
/ synapses expressing WT human 1A. Using thevided qualitative proof of principle that FHM1 mutants
Dodge-Rahamimoff equation with parameters derivedcan interfere with the synaptic actions of normal 1A
from hippocampal slice experiments to describe the re-subunits, in keeping with the dominant inheritance pat-
lationship between Ca2 influx and EPSC size (smoothtern of FHM1. However, we note that mutants were ex-
curve, Figure 7B), we estimated that WT P/Q-type chan-pressed at several-fold higher levels than endogenous
nels contributed 71% of the presynaptic Ca2 signal (seechannels, a quantitatively different situation than that in
the Supplemental Experimental Procedures at http://www.an individual with a 1:1 mix of mutant and normal alleles.
neuron.org/cgi/content/full/43/3/387/DC1). We then in-Figure 6C shows that the overall EPSC amplitude distri-
voked the slot hypothesis to predict how properties ofbution was similar across all experimental groups (p 
synaptic transmission would change if activity-deficient0.29), indicating that overall synaptic strength was well
P/Q-type channels replaced normal ones. For example,maintained despite the presence of defective P/Q-type
impermeant P/Q-type channels could take up some ofchannels.
the presynaptic P/Q slots that are normally occupied by
wild-type channels in 1A/ neurons (Figure 7A, right),A Quantitative Slot Model for Relating Ca2 or functionally deficient P/Q-type channels could oc-
Channel Defects to Altered Synaptic Transmission cupy all the P/Q slots when transfected into 1A/ syn-
A simple model was used to explore the functional impli- apses. Either way, the contribution of P/Q-type channels
cations of Ca2 channel slots (Figure 7). The model to release site Ca2 flux would be correspondingly re-
builds on the well-accepted idea that exocytosis of duced.
docked synaptic vesicles is jointly controlled by multiple Figure 7C shows predictions of the model when the
Ca2 channels, which add their Ca2 fluxes to the aggre- FHM1 mutant channels filled the same type-specific
gate signal felt by Ca2 sensors (Luebke et al., 1993; slots that are normally taken up by wild-type channels.
Takahashi and Momiyama, 1993; Mintz et al., 1995; The contribution of P/Q-type channels to release site
Wheeler et al., 1996; Reid et al., 1997; Wu et al., 1999). Ca2 flux was reduced from its WT value by a scaling
We extended this idea by depicting slots for presynaptic factor,  , that reflected attenuation of P/Q-type channel
P/Q-type channels (black squares in Figure 7A), ignoring activity due to individual FHM1 mutations. When we
heterogeneity among individual terminals (Reuter, 1995; simulated the experimental procedure of measuring the
Reid et al., 1997). Slots at active zones can be occupied -Aga-IVA-sensitive component of neurotransmission
by either wild-type or mutant P/Q-type Ca2 channels, after prior block of N-type channels, the model predicted
allowing the model to generate, without additional a nonlinear relationship between the relative Ca2 chan-
adjustable parameters, quantitative predictions of alter- nel activity (x axis) and the fraction of EPSC that was
ations in synaptic transmission arising from Ca2 chan- P/Q dependent (y axis). The two curves correspond to
nel defects. Figure 7 compares various model predic- different scenarios for how synapses homeostatically
tions (smooth curves) with collected experimental data. compensate to maintain overall Pr (see below). In either
To set up the model, we first derived the fractional case, model predictions agreed reasonably well with
experimental data.contributions of the respective channel types to presyn-
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Additional modeling was carried out for FHM1 or E4A synapses from 1A/ mice display a similar elevation of
mutant channels that were expressed in the context of miniature EPSC frequency as well as enhanced presyn-
wild-type channels (Figure 7D). We simulated the behav- aptic vesicular turnover in response to ionophore-medi-
ior of the heterogeneous mixture of mouse wt and defec- ated Ca2 delivery (Piedras-Renterı´a et al., 2004). Com-
tive human 1A subunits by using whole-cell currents pensation to maintain Pr is consistent with the lack of
to gauge how well wt  FHM1 or wt  E4A channels change in PPF in our own experiments (Table 1).
supported Ca2 channel activity relative to wt  WT
(Figures 2D and 6A; P/Q group). The hypothesis was that Discussion
wt (mouse) channels were decreased in effectiveness
through numerical dilution by less active (FHM1) or im- Presynaptic Slots for P/Q-Type Channels
permeant (E4A) P/Q-type channels. The quantitative We obtained multiple lines of evidence for the existence
modeling assumed that each of the P/Q-type channel of presynaptic slots for P/Q-type Ca2 channels at CNS
variants was expressed to the same degree in somato- synapses. The most compelling result involved the ex-
dendritic regions and was equivalently effective in com- pression of Ca2-impermeant 1A subunits in 1A/ neu-
peting for synaptic slots, regardless of its ability to sup- rons, which caused a significant drop in the P/Q depen-
port Ca2 entry. The predicted relationship between dence of transmission. This implied that impermeant 1A
deficiency in whole-cell Ca2 channel activity and the subunits were able to compete with normally permeant
proportion of P/Q-mediated neurotransmission agreed ones for interactions that led to localization near the
reasonably well with experimental data. release machinery. In contrast, impermeant 1A failed to
Further modeling gave insight into another fundamen- reduce somatodendritic Ca2 channel activity, ruling out
tal observation, the preservation of the overall strength general effects on1A synthesis or auxiliary subunit avail-
of transmission when FHM1 1A subunits were ex- ability. Thus, the attenuated role of P/Q-type channels
pressed in place of wild-type 1A (Figure 4D). Our slot in neurotransmission can be safely attributed to imper-
model considered two widely different mechanisms of meant P/Q-type channels taking up slots that would
homeostasis to account for the near constancy of syn- normally be occupied by permeant channels, thereby
aptic strength despite the strong decrease in the-Aga- tilting the balance in favor of other channel types.
IVA-sensitive component (Figure 7F). In model 1, slots Having found that human 1A can compete for slots
for N-, P/Q-, and R-type channels are specific and fixed in mouse presynaptic terminals, we asked whether these
in number, but synaptic efficacy is maintained by an slots are normally filled to capacity. We expressed WT
overriding compensatory mechanism for controlling Pr. human 1A subunits at levels several-fold higher thanThis was modeled by allowing the sum total of Ca2 endogenous channels in 1A/ neurons but found nofluxes to decrease at synapses expressing FHM1 mu- increase in the synaptic dominance of P/Q-type chan-
tants but rescaling the calculated synaptic output up to nels. Similarly, high-level expression of WT 1A in 1A/that of synapses expressing WT 1A. The predictions of neurons caused neurotransmission to revert to a state
model 1 agreed well with the results of applying -Aga- indistinguishable from that in 1A/ terminals. In bothIVA after -CTx-GVIA (Figures 7C and 7D) and, most
cases, no decrease was found in N- or R-type compo-
critically, with experiments where -Aga-IVA was ap-
nents of transmission, revealing a clear ceiling on the
plied first (Figure 7E).
degree of reliance on P/Q-type channels. We inferred
In model 2, Ca2 entry itself is maintained by upregula-
that the number of P/Q-type slots is limited, that suchtion of the number or effectiveness of N-type channels
slots are normally filled to the maximum, and that ex-above basal level (Urbano et al., 2003; Pagani et al.,
pression of extra1A subunits does not impair the partici-2004) to compensate for loss of P/Q influx. Thus, the
pation of other kinds of channels, which presumablysum of Ca2 fluxes is kept equal to that with WT P/Q
occupy their own type-preferring slots. These conclu-(dotted curves, Figures 7C and 7E). The predictions
sions derived validity from the fact that P/Q-type chan-agreed reasonably well with results of applying -CTx-
nels, while dominant, contributed less than 100% toGVIA first (Figure 7C) but disagreed substantially with
basal neurotransmission. If basal transmission had beendata with -Aga-IVA as the first blocker (Figure 7E). The
wholly supported by one channel type, consistent withmodel predicted only an 20% contribution of P/Q to
only one kind of slot, no change in percentage wouldthe EPSC, whereas 45%–60% was observed experimen-
be expected with impermeant subunits or with overex-tally for RQ and TM.
pression of wild-type subunits against either a wild-typeOn this basis, we favor the idea that hippocampal
or knockout background. The fractional contributionsynapses expressing activity-deficient P/Q-type chan-
would have remained pinned at 100% regardless.nels maintain their strength by an overriding homeo-
Insights into the nature of the competition for slotsstatic mechanism for controlling Pr, in preference to an
emerge from elegant experiments by Mochida and col-increased Ca2 flux through N-type channels. According
leagues on transmission between pairs of sympatheticto this scenario, the global compensation accounts for
neurons (Mochida et al., 2003a, 2003b). Endogenousthe finding of an absolute increase in N-dependent
transmitter release was exclusively mediated by N-typeEPSC (Figure 5C). Compensation like that in model 1
channels, but exogenous channels were able to supportmay occur at the neuromuscular junction (NMJ) of tot-
transmission to widely varying degrees (P/Q-type tering (tg) mice, in which 1A contains a missense muta-
R-type  L-type), in close correlation with their abilitytion that decreases P/Q-type Ca2 current (Wakamori
to undergo intracellular trafficking to synaptic sites. In-et al., 1998). The frequency of spontaneous miniature
sertion of the synprint region of 1A subunits into theEPSCs was significantly increased at tg NMJ relative
to wild-type mice (Plomp et al., 2000). Hippocampal II-III loop of 1C subunits rendered them capable of traf-
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Figure 7. Ca2 Channel Competition for Specific Presynaptic Slots as a Basis for Relating Alterations in Channel Properties and in Neurotrans-
mission
(A) Schematic representation of presynaptic slots for Ca2 channels. (Left) In the 1A/ presynaptic terminal, a synaptic vesicle docked at the
active zone is surrounded by multiple Ca2 channels, which occupy their designated slots and jointly supply Ca2 influx to control synaptic
transmission. No significance should be attached to the absolute number or relative position of the slots. (Right) In the 1A/ presynaptic
terminal expressing mutant human 1A (for example, impermeant ones), deficient human P/Q-type channels compete with endogenous mouse
channels for presynaptic slots while sparing N- and R-type channels. Total Ca2 influx through P/Q-type channels is reduced, and consequently
the P/Q contribution to neurotransmission is decreased.
(B) The relationship between relative Ca2 influx and relative EPSC amplitude (% of EPSC). Smooth curve is the Dodge-Rahamimoff equation
with parameters from hippocampal slice experiments (see the Supplemental Experimental Procedures at http://www.neuron.org/cgi/content/
full/43/3/387/DC1). Data points are from experiments using toxins to block EPSC from 1A/ synapses expressing WT 1A (Figures 4B and
5B). The smooth curve fitted the data best when the fractional contributions of N-, P/Q-, and R-type channels were assigned values of 0.25,
0.71, and 0.04, respectively.
(C)–(E) The relationship between Ca2 channel activity and relative contribution to neurotransmission of various human 1A subunits. (C) 1A/
neurons expressing human 1A. (Ordinate) Percentage of EPSC that was blocked by -Aga-IVA after prior application of -CTx-GVIA (Figure
4B). Somatic current density (upper abscissa; data from Figure 3D; at 10 mV) provided an index of the relative activity of P/Q-type channels,
 (lower abscissa). Smooth curves are predictions of simple models (F) regarding two possible mechanisms by which overall synaptic strength
is maintained. Both model 1 (solid curve) and model 2 (dashed curve) fit the experimental data reasonably well. (D) 1A/ neurons expressing
human 1A. EPSCs were blocked by -Aga-IVA after prior application of -CTx-GVIA (Figures 2E and 6B). The fractional contributions of N-,
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ficking to synaptic sites and of supporting transmitter mission. N-type channels are much more responsive
than P/Q-type channels to G protein modulation (Zam-release. Evidently, synprint binding to SNARE proteins
(Catterall, 1999) may contribute to the operation of pre- poni and Snutch, 1998); once asserted, G protein-medi-
ated inhibition of N-type channels is more resistant tosynaptic slots, perhaps in conjunction with key Ca2
channel interactions with the Mint1-CASK-neurexin voltage-dependent relief (Brody and Yue, 2000; Currie
and Fox, 2002). In a similar vein, transmission in tg cere-complex (Maximov and Bezprozvanny, 2002; Missler et
al., 2003). Taken together with these previous studies, bellum is more susceptible to baclofen modulation than
that in wild-type, consistent with a tilt toward N-type-our experiments provide a starting point for pinning
down the molecular basis of presynaptic slots and their mediated transmission (Zhou et al., 2003). In another
aspect of differential modulation relative to P/Q-type,degree of Ca2 channel preference.
N-type channels are more strongly regulated by protein
kinase C (Maeno-Hikichi et al., 2003), a known contribu-
Implications of Changes in P/Q-Type Ca2 tor to nociceptive transmission (Khasar et al., 1999).
Channels for Synaptic Pathophysiology Taken together, these data suggest that the efficacy
The study of FHM1 mutants was not only useful for of modulation would be enhanced at FHM1 synapses.
exploring the concept of slots but also provided a test Changes in susceptibility to synaptic modulation would
case for bottom-up approaches to Ca2 channelopa- have significant implications for neural circuits (Reid et
thies. This is of general interest, because mutations in al., 2003), particularly in an episodic disease like mi-
1A subunits have been associated with ataxia and epi- graine, in which stress and other triggers may increase
lepsy as well as migraine. In some cases, for example, levels of neuromodulators.
episodic ataxia type 2 (EA2), the mutations clearly cause
a loss-of-function defect (Kors et al., 2002). Our study
highlights several key considerations for understanding Pros and Cons of Studying Ca2 Channel
Mutations in the Context of Human and Mousethe synaptic pathophysiology of such diseases.
Neuronal and Nonneuronal Systems May Give 1 Subunits, in Different Expression Systems
Our results are in apparent disagreement with a recentSignificantly Different Results
One of our major findings was that the original FHM1 study of a knockin mouse carrying the R192Q mutation
in the mouse 1A gene (van den Maagdenberg et al.,point mutations each gave rise to qualitatively similar
alterations in neurotransmission, consistent with changes 2004). P/Q-type current density was reported to be in-
creased in knockin cerebellar granule cells, contrary toin whole-cell P/Q-type currents, conforming to expecta-
tions for a set of mutations that generate the same dis- the loss of function observed when human R192Q 1A
subunits were expressed in the same kind of neuronease. Despite careful attempts to find it, a systematic
pattern was not apparent in earlier studies in nonneu- (Tottene et al., 2002) or in hippocampal neurons (this
study).ronal expression systems (Kraus et al., 1998, 2000; Hans
et al., 1999). This suggests that a neuronal platform In discussing their findings, van den Maagdenburg
and colleagues disavowed their previous results withmay be advisable for future work on additional FHM1
mutations beyond those analyzed here (Kors et al., human R192Q (Tottene et al., 2002) on the assumption
that the exogenous channels had been overexpressed.2002).
Prevalence of Synaptic Compensation We think it unlikely that levels of expression are the
source of the discrepancy between the knockin dataand Implications for Neuromodulation
Another consistent feature of our data was the preserva- and our own experiments, for multiple reasons. First,
the behavior of mutant channels was always directlytion of overall synaptic strength despite the shift away
from P/Q-type predominance. This underscored the im- compared with that of wild-type human channels in the
same expression system. Second, wild-type and mutantportance of synaptic compensation, like that previously
reported in 1A/ and tg mice (Plomp et al., 2000; Urbano human1A subunits did not differ in total or surface levels
of protein expression (see Supplemental Figure S1 atet al., 2003; Piedras-Renterı´a et al., 2004). Whether the
compensatory event overcame a deficit in Ca2 entry, http://www.neuron.org/cgi/content/full/43/3/387/
DC1). Third, for T666M at least, the deficit in whole-cellas suggested by modeling (Figure 7), or involved a frank
upregulation of N-type channels, the effective synaptic current can be traced to a loss of gating current in
mutant channels, giving a sharp drop in the availabilitycontribution of N-type channels increased dramatically.
Shifting from P/Q- to N-type channels as the predomi- of functionally gating channels per unit 1A protein (Bar-
rett et al., 2003, Soc. Neurosci., abstract).nant synaptic Ca2 entry pathway could be very impor-
tant in altering presynaptic modulation of neurotrans- We suspect that one critical difference may reside in
P/Q-, and R-type channels in neurons expressing WT 1A were assigned values of 0.30, 0.66, and 0.04, respectively. Model 1 fitted the
experimental data better than model 2. (E) 1A/ neurons expressing WT, RQ, or TM 1A. EPSCs were blocked by -Aga-IVA first (Figure 5B).
Model 1 fitted the experimental data much better than model 2. Thus, decreased P/Q-type Ca2 influx may be overcome by a compensatory
mechanism that maintains overall Pr rather than Ca2 entry.
(F) Two possible mechanisms by which FHM1 mutant-expressing terminals maintain their synaptic strength. Thick horizontal bars represent
presynaptic Ca2 influx and its various channel components. In model 1, compensation does not involve Ca2 entry but takes place at another
step that helps control Pr. In model 2, N-type channels are upregulated to maintain the presynaptic Ca2 influx. These possibilities are not
mutually exclusive—we have simply modeled extreme cases in which predictions for FHM1 transmission could be made without any adjustable
parameters after the properties of wild-type synapses had been set.
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the animal species of 1A subunit in the knockin ap- ticular significance is a truncation at the third intracellu-
lar loop (R1547X), which caused migraine in 10 out ofproach (mouse) and in the present study (human). Previ-
ous studies have suggested that rabbit and human 1A 14 patients during their ataxic attacks (Jen et al., 1999).
The truncated 1A subunit clearly caused loss of functionsubunits can be differently affected by the same FHM1
mutations (Kraus et al., 1998; Hans et al., 1999). Similarly, in P/Q-type channels as well as abnormalities in NMJ
transmission (Jen et al., 2001), such as those found inthe effect of trinucleotide expansions in the C terminus
of 1A was undetectable in rabbit-human chimeric 1A migraine patients. Also of relevance is a point mutation
in the fourth pore-forming loop (E1757K) (Denier et al.,but clearly evident in an all-human 1A (Toru et al., 2000).
Thus, it is possible that the impact of FHM1 mutations 2001), a glutamate to lysine replacement that would
prevent Ca2 channel permeation (Yang et al., 1993;might not be accurately displayed by the mouse 1A,
which differs from human 1A to a greater degree than Ellinor et al., 1995), much as the E4A mutant does here.
Interestingly, the patient suffered from symptoms of mi-the rabbit subunit. On the other hand, we have shown
that wild-type human 1A reverted 1A/ presynaptic ter- graine without aura during and between his ataxic spells.
Taken together, these cases focus interest in the possi-minals to a state of transmission indistinguishable from
that of 1A/ terminals (Figure 1), supporting the use of bility that migraine can arise from loss of P/Q-type chan-
nel function.human 1A subunits in cultured mouse neurons.
Our approach is open to the criticism that we chose
Experimental Proceduresonly one particular 1A splice variant out of the many
human 1A variants (Krovetz et al., 2000; Soong et al., Generation of Mutant Human 1A Subunits2002). The splice variant that we used (see the Experi- The wild-type human 1A cDNA used in this study encodes the fol-
mental Procedures) gave rise to slowly decaying P-type lowing splice variants: 10A (V  G), 1617, 17A (VEA), 31*
(NP), 37a (EFa), 4344, and 47 (no exon 47) (Soong et al., 2002).Ca2 current (Bourinet et al., 1999). The C terminus was
Individual FHM1 mutation was generated by PCR mutagenesis (Stra-the brain-predominant short form, which contained part
tagene). The impermeant mutant E4A consists of four point muta-of the CASK/Mint-1 interaction domains (Maximov and
tions (E318A, E668A, E1460A, and E1756A) in S5–6 regions ofBezprozvanny, 2002), allowing enough interaction to
each domain.
support targeting to presynaptic terminals and full-
blown synaptic function, possibly with help from syn- Cell Culture and Transfection
Characterization of the E4A mutant was performed in a stableprint-SNARE interactions (see Mochida et al., 2003a).
HEK293 cell line expressing 1C and 2 subunits as described (Pie-Although quantitative details of FHM1-induced changes
dras-Renterı´a et al., 2001). Intracellular Ca2 imaging with Fura-2might be expected to vary from one splice variant to
was conducted as described (Deisseroth et al., 1998).the next, our findings will likely be generalizable, given
1A
/ and 1A/ hippocampal neurons were cultured from 1-day-the general agreement between our study and data from old pups as described (Piedras-Renterı´a et al., 2004). All animal
a significantly different splice variant of human 1A, handling was in accordance with guidelines of the Animal Care and
Use Committee. Individual human 1A construct was cotransfectedwhich also displayed decreased current densities with
with pEGFPC1 plasmid (1:1 molar ratio) into 5 days in vitro (DIV)FHM1 mutations (Tottene et al., 2002).
culture using calcium phosphate method. Ninety-five percent ofAll in all, knockin and in vitro approaches each have
EGFP-positive cells expressed cotransfected 1A protein (data nottheir own virtues and limitations. Comparisons between
shown).
diverse approaches may prove useful in understanding
the synaptic underpinnings of Ca2 channelopathies. Electrophysiology
Transfected neurons were identified by EGFP fluorescence. Whole-
cell patch-clamp recordings were performed at room temperatureMigraine Is Compatible with Loss of Function
with Axopatch 200A amplifier (Axon Instruments). pClamp 8.2 (Axonof Channels or Synapses
Instruments) was used to acquire and analyze data. Signals were
There is clinical evidence that migraine may be associ- filtered at 1 kHz and digitized at 10 kHz. Recording pipettes had
ated with functional deficits in synaptic signaling. The 2.5–3.7 M resistance. Cell capacitance (33  17 pF) and series
resistance (20 M) were monitored throughout recording. Thereliability and temporal precision of NMJ transmission
solutions and Ca2 channel blockers that were used in this study are(exclusively mediated by P/Q-type channels in mam-
described in the Supplemental Experimental Procedures at http://mals) was measurably diminished in some migraine pa-
www.neuron.org/cgi/content/full/43/3/387/DC1.tients (Ambrosini et al., 2001). Temporal jitter was in-
Ba2 Current Recording
creased, comparable to that at the NMJ of 1A/ mice Neurons were recorded between 7 and 11 DIV, with 10 mM Ba2 as
(Depetris et al., 2001, Soc. Neurosci., abstract). In rats, charge carrier to avoid complications from Ca2-dependent modula-
tion. Series resistance was compensated by 80%. Current tracesblocking of P/Q-type channels in midbrain periaqueduc-
were corrected for linear capacitive leak with online P/6 trace sub-tal gray matter facilitated transmission of pain signals
traction. Neurons were voltage clamped at80 mV, and test pulsescaused by dural stimulation (Knight et al., 2002). This
were applied at 10 s intervals. For each neuron, the peak currenthighlights the importance of an interplay between inhibi-
was normalized by the membrane capacitance (a measure of cell
tion and excitation in CNS circuits for the generation surface area) to reflect current density.
of migraine pain (Basbaum and Fields, 1984). Our own Excitatory Synaptic Transmission
Low-density cultures (5000 cells per coverslip) were recorded be-experiments reveal that expression of FHM1 mutant
tween 12 and 18 DIV to study neurotransmission. The extracellularchannels affects inhibitory neurotransmission to no
solution contained 4 mM Ca2 and Mg2, respectively. Neurons werelesser degree than that found for excitatory transmission
voltage clamped at70 mV. The presynaptic neurons were depolar-(Y.-Q.C. and R.W.T., unpublished data).
ized to 0 mV for 1 ms to elicit action potential at 10 s intervals.
EA2, which is also associated with 1A mutations, can Correspondingly, an EPSC could be recorded at the postsynaptic
overlap symptomatically with FHM1, suggesting similar neuron. Peak EPSC amplitude under each pharmacological condi-
tion was measured as the average of 20 responses.mechanisms of pathogenesis (Kors et al., 2002). Of par-
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Statistical Analysis Hans, M., Luvisetto, S., Williams, M.E., Spagnolo, M., Urrutia, A.,
Tottene, A., Brust, P.F., Johnson, E.C., Harpold, M.M., Stauderman,All data are reported as mean  SEM. Statistical significance was
assessed using ANOVA with post hoc Bonferroni test. Kolmogorov- K.A., and Pietrobon, D. (1999). Functional consequences of muta-
tions in the human 1A calcium channel subunit linked to familialSmirnov test was used to compare EPSC amplitude distribution.
hemiplegic migraine. J. Neurosci. 19, 1610–1619.
Modeling Harlow, M.L., Ress, D., Stoschek, A., Marshall, R.M., and McMahan,
The quantitative modeling is described in the Supplemental Experi- U.J. (2001). The architecture of active zone material at the frog’s
mental Procedures at http://www.neuron.org/cgi/content/full/43/3/ neuromuscular junction. Nature 409, 479–484.
387/DC1. Heuser, J.E., Reese, T.S., Dennis, M.J., Jan, Y., Jan, L., and Evans,
L. (1979). Synaptic vesicle exocytosis captured by quick freezing
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